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AbstractThe increasing interest in natural products from a renewable source has encouraged growers to reintroduce indigo-producing
crops into the European agriculture. We studied agronomic conditions (sowing date, plant density, nitrogen fertilization, irrigation
rate, seedling transplanting) influencing production of the blue pigment indigo, from Isatis tinctoria and I. indigotica crops in
a Mediterranean region of Spain (Valencia). I. tinctoria was more suitable for cultivation in our climate conditions than I.
indigotica. Indigo yield from Spanish I. tinctoria trials was greater than in Northern and Central Europe. Furthermore, indigo
production was maintained when water and nitrogen supplies were significantly restricted, showing that I. tinctoria is not a
high-demanding crop.
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1. Introduction
The blue pigment indigo (indigotin) is one of the
oldest natural dyes known to man. For centuries,
indigo has been obtained from a wide variety of
plant sources such as Indigofera spp. (Africa, Asia,
South America), Polygonum tinctorium (China, Ko-
0926-6690/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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rea) and Isatis tinctoria (Europe). In the middle ages,
I. tinctoria-derived indigo was the basis for a large
industry in Europe that started declining after the
17th century due to competition from imported indigo,
obtained from tropical Indigofera species (Kokubun
et al., 1998). Presently, in Europe, there is an increasing
interest in natural dyes that fulfill ecological standards
and that could be produced from a renewable source
(Bechtold et al., 2002). Natural plant-derived indigo
provides an ideal starting point for the reintroduction
of naturally derived compounds into the market place
since (1) there is already an existing demand for the
final product, mainly for dyeing cotton yarn for the
production of denim, and (2) natural indigo is chemi-
cally indistinguishable from its synthetic counterpart
(Gilbert and Cooke, 2001). However, as a result of
the historical disappearance of plant indigo-producing
farming in Europe, there is a considerable lack of
knowledge regarding the basic cultivation of these
plants and its indigo production (Bechtold et al., 2002).
Indigo is not found as a native compound in
plants, but as a product of a secondary metabolite
named indoxyl. This metabolite is present in most
of the indigo-producing plants as indican (indoxyl-
-d-glucoside). In Isatis species, however, isatan B
(indoxyl--ketogluconate) is the major indigo precur-
sor (Maier et al., 1990). Since the biosynthetic pathway
of indigo production was not completely understood,
the purity and quality of the natural product could not
be controlled, being it one of the main reasons for their
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tion from P. tinctorium were also reported by Maugard
et al. (2002). Other investigations deal with biotech-
nological approaches in relation to indigo synthesis by
bacteria (O’Connor and Hartmans, 1998; Itoh et al.,
1999; Bhushan et al., 2000) and plant cell or tissue cul-
tures (Shim et al., 1998; Young-Am et al., 2000). All
these facts encourage and emphasize the importance
of the reintroduction of indigo-producing plants into
European farming.
The genus Isatis (Brassicaceae) encompasses about
30 species, most of them producing indigo. I. tinctoria
(“woad” in U.K., “an˜il” in Spain) is the earliest known
source of indigo. It is a biennial and mainly outbreed-
ing species, probably indigenous to southeastern Asia.
I. tinctoria seedlings form a rosette of leaves in the
first year of their cycle, and an erect stem bearing yel-
low flowers on short racemes in the following spring.
Woad has not been grown in Europe as a source of in-
digo since the 17th century, although it continued to be
cultivated in the U.K. until the 19th century as a fermen-
tation aid for the woad vat. I. indigotica (Chinese woad
or tein-cheing) is very closely related to woad (Gilbert
et al., 2002), although there are several differences from
the latter: the leaf surfaces are glaucous as opposed to
shiny. It appears to have a more upright habit, con-
tains more indigo precursors and the leaves tend not
to be pubescent. Although it is not known whether it
has been used for indigo production, I. indigotica has
been widely used in traditional Chinese medicine as an
antiviral agent.
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replacement by synthetic indigo at the end of the 19th
entury (Gilbert and Cooke, 2001). Indigo-producing
lants contain some metabolites previously considered
s “impurities” such as cis-indigo (blue), cis-indirubin
isoindirubin, red), indigo brown (isoindigo), indigo
luten, indigo yellow and traces of flavonoids. Indiru-
in is a by-product of indigo biosynthesis, originating
rom the condensation of indoxyl with isatin, which is
enerated from indoxyl in an oxygen-rich environment
s a side reaction. Some of these indigo by-products are
eing investigated for their possible pharmacological
pplications (Kimoto et al., 2001; Molina et al., 2001;
anz et al., 2001, 2002; Mak et al., 2004). In addition,
ew technologies to process indigo products have re-
ently been developed. A method for the extraction of
atural indigo from woad, based on a technique used
o extract indigo from Indigofera spp., was developed
y Stoker et al. (1998a). Advances on indigo extrac-As part of a European Union-funded research
roject, in this work, we studied agronomic factors
ptimizing I. tinctoria and I. indigotica cultivation
n the south-east of Spain. In addition, we compared
he indigo production of these two species. These low
echnology-demanding crops could be an alternative to
he traditionally cultivated vegetables in this region. In
outhern countries of Europe, moderate temperatures
ould allow successive harvests during an extended
rowing season (from May to November) that could
ncrease indigo yields. On the other hand, it has been
uggested that indigo precursor contents in I. tincto-
ia plants increase under intense light regimes (Stoker
t al., 1998b). Under these premises, indigo production
s expected to be higher in the Mediterranean regions
han in Northern and Central Europe. We have estab-
ished optimal conditions for Isatis crops in a Mediter-
anean region.
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2. Material and methods
2.1. Field trials
Field studies were conducted during two consecu-
tive years (from August 2001 to September 2003) at the
Center for Agricultural Research of Fundacio´n Rural-
caja Valencia, Spain. Plots were located in Bolbaite and
Paiporta, Valencia (39◦03′ N, 0◦25′ W and 39◦16′ N,
0◦14′W, respectively). Soil in Bolbaite has a medium-
clay texture, pH 8.3, 0.13% N, 0.006% P, 0.022% K
and 0.66% of organic carbon. Crops in Paiporta were
established on a sandy medium soil with pH 8.6, 0.09%
N, 0.005% P, 0.021% K and 0.85% of organic carbon.
Seeds of I. tinctoria L., from the U.K., named as
Hill variety, were kindly provided by Mr. Bateson (Go
Botanical Ltd., U.K.). Seeds of I. indigotica Fort (Chi-
nese woad) were provided by Dr. Gilbert from the Uni-
versity of Bristol, U.K. In each experiment, treatments
were arranged in a randomized complete block design
with three replications. Individual plots consisted of
10 m2 areas with 15 rows, 5 m long with a row spacing
of approximately 30 cm.
Agronomic factors studied were: sowing date, plant
density, nitrogen fertilization, seedling transplanting
(Bolbaite’s trials) and irrigation rate (Paiporta’s trial).
Unless otherwise specified, standard plant density was
10 plants m−2 and soil watering was done by flooding.
Seeding dates for the 2002 trials were August 6th,
September 4th, December 14th (2001), January 24th,
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iments were done with a drip irrigation system. The
plots were seeded in February and the assayed irriga-
tion rates were calculated from the reference crop evap-
otranspiration (ETo) as follows: ETo – 30%, ETo and
ETo + 30%. Total water supplies were 6474, 9158 and
11902 m3 ha−1 in 2002 (March–November) and 4770,
7542 and 10059 m3 ha−1 in 2003 (March–September).
Plants were harvested by cutting the rosette leaves
10 cm from the ground every time they reached
25–30 cm high. The above ground biomass produc-
tion was determined as t ha−1 (fresh and dry weight).
From each harvested plot, 15 medium-size leaves were
sampled for indigo content determinations (g kg−1).
Leaves were maintained at 4 ◦C in plastic bags un-
til indigo extraction (2–3 h later). Values of biomass
production and leaf indigo content were used to es-
timate the final indigo production (kg ha−1) for each
plot and harvest. Since the number of harvests per-
formed depended on plant development and climate
conditions, results are presented as the sum of the to-
tal production of each trial. Plants from the August
and September sowings were allowed to flower af-
ter winter and seeds were collected in the following
June.
2.2. Indigo content determination
A calibration curve was prepared by dissolving
indigo standard (Sigma, purity 99%) in ethyl ac-
etate as follows: 2.4 mg of indigo was successively
b
C
t
s
t
3
w
f
t
t
s
l
e
w
p
o
cebruary 28th and March 27th. The 2003 trial seeding
ates were August 4th, September 12th, December
6th (2002), January 24th, February 28th and March
7th. August and September dates were tested only
or seed production. Seeding rates were 0.5 g of
iliqua m−2 and germination was evaluated 2 months
ater. Assessed plant densities (February sowing) were
, 10 and 20 plants m−2. The standard nitrogen fer-
ilization [as (NH4)2SO4] consisted of 100 kg N ha−1
efore sowing and 50 kg N ha−1 after each harvest.
ssessed N rates were 0 + 0 (low), 100 + 50 (standard)
nd 200 + 100 kg N ha−1 (high), before sowing and
fter each harvest, respectively. Plots corresponding to
he nitrogen fertilization and transplanting trials were
ncluded in the March sowing. In the transplanting
xperiment, seeds were first germinated in peat moss
ompost under greenhouse conditions. After 3 weeks,
lantlets were transferred to the field. Irrigation exper-oiled in 100 ml distilled water, alkalinised with
a(OH)2 and acidified with 50% HCl, before extrac-
ion with 400 ml of ethyl acetate to obtain a stock
olution of 6 mg l−1. Aliquots of this stock solu-
ion were taken to obtain several dilutions of 4.5,
and 1.5 mg l−1. The absorbance of these solutions
as measured at 600 nm (three replicates), and the
ollowing algorithm was obtained: indigo concentra-
ion = 0.065 + 25.485 × Abs600 (r = 99.9%).
Indigo content of leaves was extracted according to
he protocol described by Stoker et al. (1998a), with
ome modifications. From each plot, 15 medium-size
eaves were randomly chosen. One disc (1 cm diam-
ter) was taken from each leaf, and a bulked sample
ith 15 leaf discs (0.25–0.5 g) was subsequently pre-
ared. Once weighed, discs were immersed in 10 ml
f distilled water, boiled for 5 min in a water bath and
ooled rapidly in ice water. The discs were removed
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and 200l of a saturated solution of Ca(OH)2 were
added. Samples were then aerated for 30 s and allowed
to stand at room temperature for at least for 1 h, before
acidification with 50l of 50% HCl. After standing for
30 min, an aliquot of 500l was extracted with 3–5 ml
of ethyl acetate. The indigo concentration of these ex-
tracts was determined from their absorbance at 600 nm
by using the algorithm previously obtained.
2.3. Statistical analyses
Significance of treatment effects on total fresh
biomass production, mean indigo content of plants
along the growing season and estimated total indigo
production was determined using analysis of variance.
When appropriate, variations among treatment means
were analyzed using Tukey (1953). Since analyses of
results concerning dry mass determinations corrobo-
rated conclusions presented here, only data from fresh
mass determinations are shown.
3. Results
3.1. Effect of sowing date
Germination rates were scored in plots 2 months
after sowing, and no significant differences were ob-
served for both species in the four seeding dates (data
not shown, mean = 17%). Plants from December and
January sowings were first harvested in the 2nd–3rd
week of May (160–162 and 117–121 days after seed-
ing, respectively), while plants from February and
March sowings were first harvested in the 1st–2nd week
of June (after 89–97 and 75–83 days, respectively).
Crops sown in early winter were harvested one more
time than those sown in spring. Harvests were usually
done every 4 weeks, except from mid June to mid Au-
gust, where plants were harvested every 2–3 weeks. I.
indigotica showed a limited regrowth capability, and
crops could only be harvested three to four times. In
contrast, the regrowth of axillary leaves of I. tinctoria
Table 1
Effect of the species and sowing date on biomass production and indigo yield from Isatis spp. plots growing in Bolbaite
Seeding date 2002 2003
Biomass
(t FW ha−1)a
Indigo
(g kg−1 FW)
Indigo
(kg ha−1)
Biomass
(t FW ha−1)a
Indigo
(g kg−1 FW)
Indigo
(kg ha−1)b
Isatis indigotica
December 11.4 (4) 0.8 9.5 9.7 (4) 0.7 5.3d
January 30.6 (5) 0.8 24.5 8.5 (4) 0.7 5.3d
.9
.4
I
.7
.8
.6
.3
S
)
A
D
the gro
e not siFebruary 11.9 (3) 0.6 7
March 14.7 (3) 0.5 7
satis tinctoria
December 75.4 (7) 0.8 54
January 105.7 (7) 0.6 62
February 66.3 (6) 0.6 42
March 68.2 (6) 0.6 38
ource of variation g.l. 2002
Biomass
(t FW ha−1)
Indigo
(g kg−1 FW
nalysis of variance, mean squares
Species (A) 1 22872.6** 0.008 NS
Sowing (B) 3 1095.8** 0.069**
A × B 3 152.2 NS 0.014 NS
Error 16 105.5 0.013
ata are means of three replications. NS, non-significant.
a Data in parenthesis indicate the number of harvests taken during
b For each species and entry, means followed by the same letter ar
** Significant at p≤ 0.01.9.1 (4) 0.6 5.0d
8.0 (3) 0.6 5.0d
66.4 (5) 0.4 26.2a
46.2 (5) 0.7 18.7ab
32.8 (4) 0.5 16.8bc
33.1 (4) 0.3 10.4cd
2003
Indigo
(kg ha−1)
Biomass
(t FW ha−1)
Indigo
(g kg−1 FW)
Indigo
(kg ha−1)
8327.5** 7679.6** 0.10 NS 991.7**
522.2** 401.0** 0.06 NS 66.1**
55.7 NS 351.7** 0.02 NS 61.4**
55.5 25.3 0.42 7.9
wing season.
gnificantly different according to Tukey’s test (p < 0.05).
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plants was favoured after the first cutting. Thus, up to
seven harvests could be obtained from the I. tinctoria
crops.
Early winter sowing dates (December and January)
gave higher biomass productions when compared to the
spring sowing dates (February and March). In the 2002
experiments, the higher biomass production in both
species was obtained in plots sown in January (mean
production 68.2 t ha−1 in comparison to 43.4, 39.1 and
41.5 t ha−1 from December, February and March sow-
ings, respectively). In the 2003 experiments, the sowing
date did not influence biomass production of I. indig-
otica (Table 1). In contrast, I. tinctoria plots seeded in
December produced the greatest yield (Table 1). Early
winter sowings also produced more indigo, although a
significant effect was only found in 2002 plots (mean
indigo contents of 0.8, 0.7, 0.6 and 0.6 g kg−1 from De-
cember, January, February and March plants, respec-
tively). I. tinctoria crops always produced significantly
greater biomass rates than I. indigotica crops (Table 1).
As a result, indigo yield (kg ha−1), estimated from both
biomass production and indigo content determinations,
was always greater in I. tinctoria. Best results were ob-
tained from plots seeded in early winter (January 2002,
December or January 2003).
In order to avoid a possible bias in statistical analy-
ses, results from the following experiments were com-
puted separately for each species.
3.2. Effect of plant density
Biomass yield seems to be related to plant den-
sity. We found greater biomass yield as a trend in the
plots with 10–20 plants m−2 as compared to the plots
with 5 plants m−2 (Table 2). This trend was statisti-
cally significant for I. tinctoria in the 2003 plots. The
increased plant density did not reduce the leaf indigo
content (Table 2). Consequently, the total indigo yield
Table 2
Effect of plant density on biomass production and indigo yield from Isatis tinctoria and I. indigotica plots sown in February in Bolbaite
Plant density (m−2) 2002 2003
Biomass
(t FW ha−1)
Indigo
(g kg−1 FW)
Indigo
(kg ha−1)
Biomass
(t FW ha−1)
Indigo
(g kg−1 FW)
Indigo
(kg ha−1)
Isatis indigotica
5 12.9 0.6 8.4 5.6 0.7 3.2
10 11.9 0.6 7.9 9.1 0.6 5.0
8.0
I
29.0
42.6
43.5
S
W)
A
D
. Means
t20 12.8 0.6
satis tinctoria
5 54.7 0.5
10 66.3 0.6
20 84.8 0.5
ource of variation g.l. 2002
Biomass
(t FW ha−1)
Indigo
(g kg−1 F
nalysis of variance, mean squares
Isatis indigotica
Plant density 2 0.8 NS 0.001 NS
Residual 6 4.3 0.021
Isatis tinctoria
Plant density 2 691.3 NS 0.007 NS
Residual 6 249.4 0.003
ata are means of three replications. NS, non-significant.
a Effect of plant density on biomass production in I. tinctoria plots
o Tukey’s test (p < 0.05).
* Significant at p≤ 0.05.7.7 0.7 5.6
21.3ba 0.5 10.6
32.8a 0.5 16.8
35.4a 0.5 17.8
2003
Indigo
(kg ha−1)
Biomass
(t FW ha−1)
Indigo
(g kg−1 FW)
Indigo
(kg ha−1)
0.21 NS 9.3 NS 0.012 NS 4.7 NS
8.7 2.4 0.009 1.2
196.8 NS 168.3* 0.002 NS 45.6 NS
59.2 23.6 0.008 24.9
followed by the same letter are not significantly different according
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Table 3
Effect of nitrogen fertilization on biomass production and indigo yield from Isatis tinctoria and I. indigotica plots sown in March in Bolbaite
Nitrogen ratesa 2002b 2003b
Biomass
(t FW ha−1)
Indigo
(g kg−1 FW)
Indigo
(kg ha−1)
Biomass
(t FW ha−1)
Indigo
(g kg−1 FW)
Indigo
(kg ha−1)
Isatis indigotica
0 8.6c 0.6 5.1c 5.8 0.4 2.3b
100 14.7b 0.5 7.4b 8.0 0.6 5.0a
200 19.1a 0.6 10.9a 6.8 0.7 5.0a
Isatis tinctoria
0 39.8b 0.6 22.5b 26.2 0.4b 11.4
100 68.2a 0.6 38.3a 33.1 0.3b 10.4
200 75.1a 0.6 40.4a 23.7 0.5a 19.4
Source of variation g.l. 2002 2003
Biomass
(t FW ha−1)
Indigo
(g kg−1 FW)
Indigo
(kg ha−1)
Biomass
(t FW ha−1)
Indigo
(g kg−1 FW)
Indigo
(kg ha−1)
Analysis of variance, mean squares
Isatis indigotica
Nitrogen rate 2 83.0** 0.004 NS 25.7 NS 3.6 NS 0.04 NS 7.4*
Residual 6 2.7 0.03 9.1 2.4 0.01 0.9
Isatis tinctoria
Nitrogen rate 2 1054.7** 0.0003 NS 286.4** 71.2 NS 0.04** 72.9 NS
Residual 6 95.1 0.004 14.1 51.2 0.006 26.2
Data are means of three replications. NS, non-significant.
a Nitrogen rates: 0 = 0 + 0, 100 = 100 + 50, 200 = 200 + 100 kg N ha−1 (before sowing + after each harvest).
b For each species and entry, means followed by the same letter are not significantly different according to Tukey’s test (p < 0.05).
* Significant at p≤ 0.05.
** Significant at p = 0.01.
was also greater in those plots with an increased plant
density.
3.3. Effect of nitrogen fertilization
Results from 2002 experiments showed that both
biomass and total indigo production in I. indigotica
and I. tinctoria plots increased along with N fertil-
ization (Table 3), but the leaf indigo content was not
significantly influenced by this factor. Note, however,
that in I. tinctoria, there were no significant differences
when either the standard or the high-nitrogen levels
were applied, suggesting that this species is not a strong
nitrogen-demanding plant. These results were partially
confirmed in 2003 experiments, where the significant
influence of N fertilization was only evident for total in-
digo production of I. indigotica (Table 3). This positive
effect was due in part to an increase of the indigo con-
tent of leaves with increasing nitrogen fertilization. The
same effect of nitrogen fertilization on indigo leaf con-
tent was observed in I. tinctoria, although this increase
did not significantly affect the total indigo production
(Table 3).
3.4. Effect of irrigation rate
The irrigation experiments were performed in
Paiporta, where plots were established with a drip
irrigation system. Under these conditions, I. tinctoria
and I. indigotica plants showed a faster development
(first harvests 76–82 days after sowing) as compared
to Bolbaite crops. Irrespective of the species and
year, irrigation rates tested did not significantly
affect biomass production or leaf indigo content
(Table 4). Note, however, that at the 2002 experiment,
a significantly reduced indigo production was found
in I. indigotica plots when an excess of water was
applied.
E. Sales et al. / Industrial Crops and Products 23 (2006) 29–39 35
Table 4
Effect of irrigation rate on biomass production and indigo yield from Isatis tinctoria and I. indigotica plots growing in Paiporta
Irrigation ratea 2002 2003
Biomassb (t FW ha−1) Indigo
(g kg−1 FW)
Indigo
(kg ha−1)
Biomassb (t FW ha−1) Indigo
(g kg−1 FW)
Indigo
(kg ha−1)
Isatis indigotica
R1 30.8 (5) 0.6 16.8ac 26.3 (3) 0.3 9.3
R2 29.2 (5) 0.6 16.8a 26.2 (3) 0.4 10.4
R3 28.5 (5) 0.5 11.8b 33.1 (3) 0.3 10.2
Isatis tinctoria
R1 74.6 (6) 0.4 32.5 90.7 (6) 0.4 28.0
R2 78.2 (6) 0.5 38.0 93.7 (6) 0.4 39.3
R3 71.4 (6) 0.5 30.0 96.0 (6) 0.4 32.2
Source of variation g.l. 2002 2003
Biomass
(t FW ha−1)
Indigo
(g kg−1 FW)
Indigo
(kg ha−1)
Biomass
(t FW ha−1)
Indigo
(g kg−1 FW)
Indigo
(kg ha−1)
Analysis of variance, mean squares
Isatis indigotica
Irrigation 2 4.1 NS 0.010 NS 24.7* 47.4 NS 0.007 NS 0.9 NS
Residual 6 22.2 0.005 1.7 22.0 0.005 4.9
Isatis tinctoria
Irrigation 2 35.4 NS 0.002 NS 49.9 NS 21.1 NS 0.005 NS 97.0 NS
Residual 6 89.3 0.003 29.5 76.6 0.002 98.8
Data are means of three replications. NS, non-significant.
a Irrigation rates: R1 = 70% ETo, R2 = ETo, R3 = 130% ETo.
b Data in parenthesis indicate the number of harvests taken during the growing season.
c Effect of irrigation rate on indigo production in I. indigotica plots. Means followed by the same letter are not significantly different according
to Tukey’s test (p < 0.05).
* Significant at p≤ 0.05.
3.5. Effect of transplanting
We compared indigo production in plots established
by seeding and by transplanting greenhouse-
germinated seedlings. To avoid bolting, these experi-
ments were done only in March, but still 10–20% of
the transplanted I. indigotica plants flowered in April,
probably as a consequence of the last winter cold
days. The behavior of the tropical species I. indigotica
contrasts to that observed in the temperate Hill variety
of I. tinctoria, which did not flower. Production of
transplanted plots was compared to that obtained from
the corresponding sowing (March) as well as to those
seeded plots producing the greatest indigo yields
(January in 2002 and December in 2003). As shown in
Table 5, transplanting significantly increased biomass
production and indigo yield of I. indigotica compared
to the corresponding March seeding. Furthermore,
both parameters were similar or slightly greater than
those obtained from early sowing in winter. For I. tinc-
toria, transplanting also produced significantly more
biomass and indigo yield than the corresponding 2003
sowing experiment (Table 5). Although statistically
not significant, a similar trend was observed in the
2002 experiments. Again, results obtained from the
transplanting trials were comparable to those from
seeded plots producing the highest indigo yield.
3.6. Seed production
I. tinctoria and I. indigotica plants grown from seeds
sown in either August or September started flowering
at the end of February. I. tinctoria and I. indigotica
plants harvested in June produced a seed yield aver-
age of 0.33 and 0.16 kg m−2, respectively. Some plots
of I. tinctoria from February and March sowings were
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Table 5
Effect of transplanting on biomass production and indigo yield of Isatis indigotica and I. tinctoria plots from different origin
Origin 2002b 2003b
Biomass
(t FW ha−1)
Indigo
(g kg−1 FW)
Indigo
(kg ha−1)
Biomass
(t FW ha−1)
Indigo
(g kg−1 FW)
Indigo
(kg ha−1)
Isatis indigotica
Early winter seedinga 30.6a 0.8 24.5a 9.7b 0.7a 5.3b
March, seeding 14.7b 0.5 7.4b 8.0b 0.6b 5.0b
March, transplanting 26.4a 0.6 17.2a 20.3a 0.6b 10.6a
Isatis tinctoria
Early winter, seedinga 105.7a 0.6 62.8 66.4a 0.4 26.2b
March, seeding 68.2b 0.6 38.3 33.1b 0.3 10.4c
March, transplanting 83.4b 0.6 47.3 61.9a 0.5 36.8a
Source of variation g.l. 2002 2003
Biomass
(t FW ha−1)
Indigo
(g kg−1 FW)
Indigo
(kg ha−1)
Biomass
(t FW ha−1)
Indigo
(g kg−1 FW)
Indigo
(kg ha−1)
Analysis of variance, mean squares
Isatis indigotica
Origin 2 203.7* 0.052 NS 228.0* 132.8* 0.022* 29.8*
Residual 6 9.9 0.023 19.8 9.5 0.004 3.0
Isatis tinctoria
Origin 2 1063.3* 0.001 NS 461.6 NS 960.1* 0.016 NS 529.3*
Residual 6 121.7 0.012 115.6 64.8 0.005 26.4
NS, non-significant.
a January and December sowings in 2002 and 2003, respectively.
b For each species and entry, means followed by the same letter are not significantly different according to Tukey’s test (p < 0.05).
* Significant at p≤ 0.05.
also allowed to flower. In these plots, seed production
was similar to that obtained in the summer sowings
(0.28 and 0.19 kg m−2 for I. tinctoria and I. indigot-
ica, respectively). Therefore, sowing date had no ef-
fect on seed production of I. tinctoria and I. indigotica
plots.
4. Discussion
The objective of the field plot experiments carried
out in this study was to examine the effect of some
crop parameters (sowing date, plant density, nitrogen
fertilization, water supply, transplanting) on indigo
yield of two Isatis species in a Mediterranean region
of Spain. The aim was to (1) determine which one of
these species could be best suited for cultivation in
our climate and soil conditions, and (2) to design field
practices for high yields of natural indigo.
Results herein demonstrate that I. tinctoria always
produced more indigo than I. indigotica. This was not
due to a higher leaf indigo yield of the former, but to
their higher biomass production. This species had bet-
ter regrowth ability after harvesting and was less sen-
sitive to the attacks of insects, particularly the cabbage
webworm, Hellula undalis and nematodes (Meloidog-
yne spp.). Consequently, I. tinctoria seems to be more
suitable for cultivation in the Valencian region than I.
indigotica. In the past, I. tinctoria was the species tra-
ditionally cultivated in Spain for indigo production, as
it was in Southern Italy (Guarino et al., 2000). Since
the Hill variety employed in our experiments had been
selected for cultivation in the U.K., results herein may
be improved by breeding programs aimed at enhancing
indigo content and regrowth vigour after harvest.
Although biomass production was improved when
Isatis crops were established at the high-plant density
(Table 2), indigo yields could not be improved by in-
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creasing this parameter from 10 to 20 plants m−2. Plant
densities assayed in this study did not influence leaf
indigo content, suggesting that variation on radiation
absorption by the canopy did not affect biosynthesis
of indoxyl precursors. Thus, light incidence should not
be a limiting factor in our climate conditions. Because
of this, an optimal plant density could be determined
(ranging from 10 to 20 plants m−2) depending on soil
fertility and water availability.
The biomass and indigo production of I. in-
digotica increased along with nitrogen fertilization
(Table 3). In contrast, the high-nitrogen fertilization
(200 kg N ha−1) did not significantly increase biomass
or indigo yield of I. tinctoria in the experiments per-
formed. These results indicate that I. tinctoria is less
nitrogen demanding than I. indigotica and that greater
indigo yields from I. tinctoria can be obtained with
standard fertilizations in our Mediterranean region.
Note that only in the 2003 experiments, the addition
of 200 kg N ha−1 increased the leaf indigo content of
this species (Table 3). Climate conditions could explain
the differences between the 2 years. The 2003 summer
was dryer and hotter (Tm = 24.4 ◦C, P = 98 mm from
May to August) than the 2002 summer (Tm = 21.4 ◦C,
P = 223 mm in the same period, see Fig. 1a). Thus,
we suggest that limited plant development under high-
temperature regimes resulted in an increased indigo
content.
We found no significant variation on biomass pro-
duction of Isatis crops over a wide range of irrigation
(Table 4). In the 2002 rainy summer (see Fig. 1b), plots
irrigated with 30% over ETo showed a decrease in in-
digo production, although it was only significant for I.
indigotica plants. Both I. indigotica and I. tinctoria areFig. 1. Rainfall (P, in mm) and mean temperatures (Tm, in ◦C) in Bolbaite (a) and Paiporta (b) along the 2001–2003 years.
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not high water-demanding crops, since production was
not significantly affected when water supply was lim-
ited to a 70% of ETo. Accordingly, Isatis crops showed
the greatest water efficiency at the lesser irrigation
level ETo − 30% (mean indigo production of 2.3 and
6.5 g m−3 of water for I. indigotica and I. tinctoria, re-
spectively) as compared to the ETo and ETo + 30% lev-
els (1.6 and 1.0 for I. indigotica and 4.7 and 2.9 g m−3
for I. tinctoria, respectively). This is an important point,
since water is a limiting resource in our region.
In our experiments, the greatest indigo yields
were estimated from crops of I. tinctoria estab-
lished by sowing in early winter (26.2–62.8 kg ha−1)
or by transplanting 3-week-old plants in March
(36.8–47.3 kg ha−1), under standard nitrogen fertiliza-
tion. Although further studies are needed to determine
optimal crop conditions for this species over a wide
range of locations, these yields are better than those
found in U.K. for the same species (up to 20 kg of in-
digo ha−1; Stoker et al., 1998a). On the other hand,
transplanting may be considered as an alternative to
early sowing, allowing rotation with a winter crop that
could increase the final income of growers. Finally,
natural indigo production in the Mediterranean region
from I. tinctoria crops could be substantially improved
by breeding programs providing varieties with greater
yields in our climate and soil conditions. Since there is
a demanding market for natural dyes, indigo-producing
plants could be an alternative crop for some agricultural
regions of Europe.
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